Abstract
Introduction

6
Populus tremula (European aspen) and P. tremuloides (American aspen) are two of 119 the most ecologically important and geographically widespread tree species of the 120 Northern Hemisphere (Figure 1a ). Both are keystone species, display rapid growth, 121 high tolerance to environmental stresses, and long-distance pollen and seed dispersal 122 via wind (Eckenwalder 1996; Müller, et al. 2012 ). Based on their morphological 123 similarity and close phylogenetic relationships, they are considered sister species, or 124 less commonly, conspecific subspecies (Eckenwalder 1996; Wang, et al. 2013 Wang, et al. 2013) . A recent study based on 127 several nuclear and chloroplast loci suggests that the first opening of the Bering land 128 bridge may have driven the allopatric speciation of the two species (Du, et al. 2015) . 129
In accordance with their continent-wide distributions and broad ecological 130 ranges, P. tremula and P. tremuloides harbor among the highest levels of genetic 131 diversity found in plant species thus far (Wang, et al. unpublished data) . The 132 extraordinary levels of genetic diversity in both species and the availability of a high-133 quality reference genome in the congener, P. trichocarpa (Tuskan, et al. 2006) , also 134 provide ideal opportunities to identify the relative roles that new mutations (hard 135 selective sweeps) versus pre-existing standing variations (soft selective sweeps) have 136 played during adaptive differentiation and speciation at the genome scale. In hard-137 sweep models of adaptation, novel beneficial mutations arise and are rapidly fixed in 138 a species, and this process is expected to leave a signature of severely reduced 139 polymorphism in the vicinity of the beneficial mutation (Smith and Haigh 1974) . 140
Models of adaptation via soft sweeps assume that beneficial alleles originate from 141 standing genetic variation or by recurrent independent novel mutations (Hermisson 142 and Pennings 2005). Given that the background variation of selectively advantageous 143 .
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015; 8 clustered into two subgroups. With K = 4, most P. tremula individuals were inferred 169 to be a mixture of two genetic components, showing slight clinal genetic variation 170 with latitude. No further structure was found when K = 5. A principal component 171 analysis (PCA) further supported these results (Figure 1c) . Only the first two 172 components were significant (Table S2 ) based on a Tracy-Widom test, and these 173 explained, respectively, 21.4% and 2.1% of total genetic variance ( Figure 1c) . Among 174 the total number of polymorphisms between the two species, fixed differences 175 between P. tremula and P. tremuloides accounted for 1.1%, whereas 16.7% of 176 polymorphisms were shared between species, with the remaining polymorphic sites 177 being private in either of the two species (Figure 1d) . 178
We examined the extent of population subdivision in P. tremuloides by 179
measured F ST and d xy between the two P. tremuloides populations (Alberta and 180
Wisconsin) along individual chromosomes (Table S3) . We found low levels of 181 genetic differentiation (F ST : 0.0443±0.0325) between the populations (Table S3) . (Table S3) . 189
190
Demographic histories 191
We used fastsimcoal2 (Excoffier, et al. 2013 ) to infer the divergence time between P. 192 tremula and P. tremuloides and their past demographic histories from the joint site 193 .
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015; frequency spectrum. Eighteen divergence models were evaluated (Table S4) , and the 194 best fit was provided by a simple isolation-with-migration model, where populations 195 of P. tremuloides experienced exponential growth while a stepwise population size 196 change occurred in P. tremula after the two species diverged (Figure 2a) where N e is the effective population size and m is the migration rate) from P. higher N e of P. tremuloides compared to P. tremula (Slatkin 1985) , while the overall 209 migration rates in both directions were fairly low given the large N e in both species 210 (Morjan and Rieseberg 2004). The low migration rates are not unexpected given the 211 large geographical distance and disjunct distributions between the two species. 212
The multiple sequential Markovian coalescent (MSMC)-estimated N e for both 213 P. tremula (60,796) and P. tremuloides (49,701) at the beginning of species 214 divergence (around 2.3 Mya) were very similar to the fastsimcoal2-based estimates of 215 N e for their ancestral population (Figure 2 ). Both species experienced similar 216 magnitudes of population decline following their initial divergence, and population 217 expansion in P. tremuloides began around 50,000-70,000 years ago and has continued 218 . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015; up to the present ( Figure 2b ). P. tremula experienced a substantial population 219 expansion following a longer bottleneck than that experienced by P. tremuloides 220 (Figure 2b) . 221
222
Genome-wide patterns of differentiation and molecular signatures of selection in 223 both high-and low-divergence regions 224
We found that the majority of the genome showed moderate genetic differentiation, 225 with average F ST value across the genome being 0.386 (see Figure 3a for the complete 226 distribution). Visual inspection indicates that genetic differentiation was 227 heterogeneous over 10 Kbp non-overlapping windows across the genome (Figure 4) . 228
From the genome-wide empirical F ST distribution, the cutoff for the top 2.5% highly 229 We based our analysis of genetic signatures of adaptation in these highly 233 divergent regions on our partitioning into categories that were likely to be under either 234 hard or soft selective sweeps based on levels of θπ within each species (see Materials 235 and Methods; Figure 3b ). A minority of outlier windows (5.87%) was consistent with 236 patterns expected for hard selective sweeps in both species (black dots in Figure 3b) , 237 while somewhat more outlier windows showed signatures of having been influenced 238 by hard sweeps only in P. tremula (12.61%, red dots in Figure 3b ) or P. tremuloides 239 (8.26%, blue dots in Figure 3b ). Soft selective sweeps appear to have affected the 240 remaining 73.3% of divergent outlier regions in one or both species (grey dots in 241 Figure 3b ). Compared to the rest of the genome, the divergent outlier regions were 242 characterized by multiple signatures of selection in both species regardless of the 243 . Figure S4 ). Divergent regions linked to soft sweeps showed 248 substantially weaker signatures of selection compared to those linked to hard sweeps, 249 with a much subtle excess of low-frequency alleles and weaker levels of LD (Table 2  250 and Figure S4a ,c), but with comparable or even greater excesses of high-frequency 251 derived alleles (Table 2 and Figure S4b ). Furthermore, we found that all highly 252 divergent regions showed significantly higher proportion of inter-species fixed 253 differences and lower proportion of inter-species shared polymorphisms compared to 254 the remainder of the genome (Table 2 and Figure S5 a-c). Even after correcting for 255 possible variation in the mutation rate among genomic regions (Feder, et al. 2005 ), we 256 found that relative node depths (RND) were significantly higher in divergent regions 257 associated with either hard or soft sweeps than the rest of the genome (Table 2 and 258
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Figure S5d). 259
The cutoff for the bottom 2.5% of the empirical F ST distribution, denoting 260 outlier windows of exceptionally low levels of interspecies divergence, was F ST < 261 0.169 (Figure 3a) . After excluding windows with coverage breadth lower than 3 Kbp 262 and retaining windows with high levels of polymorphisms in both species (see 263 Materials and Methods), we identified 49 outlier windows as candidate targets of 264 long-term balancing selection (green dots in Figure 3c) Figure S4 ). In addition, we found a negligible proportion of fixed 268 . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015; differences and significantly higher proportion of shared polymorphism in these 269 regions (Table 2 and Figure S5a -c). The higher RND values (Table 2 and Figure S5d) , 270 however, were likely due to higher levels of ancestral polymorphisms that were 271 maintained by balancing selection before the two species split (Cruickshank and Hahn 272
2014). 273
Overall, candidate windows potentially under directional (both hard and soft 274 sweeps) or balancing selection were distributed across the genome (Figure 6 ). We 275 examined the physical sizes of these selected regions by combining adjacent windows 276 if they were all under selection. We found that the sizes of the selected regions all 277 appeared to be quite small, with the majority of selection likely occurring on a 278 physical scale smaller than 10 Kbp ( Figure S6) . 279
280
Impact of recombination rate on patterns of genetic differentiation 281
We examined relationships between population-scaled recombination rates (ρ) and 282 levels of inter-species divergence over non-overlapping 10 Kbp windows ( Figure S7 ). 283
We found significant negative correlations between relative divergence F ST , which 284 depends on genetic diversity within species, and population recombination rates in 285 both P. tremula (Spearman's ρ=-0.121, P-value<2.2e-16) and P. tremuloides 286 (Spearman's ρ=-0.157, P-value<2.2e-16) ( Figure S7a ). In contrast to F ST , there were 287 significant positive correlations between absolute divergence d xy and recombination 288 rates in both P. tremula (Spearman's ρ=0.199, P-value<2.2e-16) and P. tremuloides 289 (Spearman's ρ=0.140, P-value<2.2e-16) ( Figure S7b) . 290
Because ρ=4N e c, where c is the per-generation recombination rate and N e is 291 the effective population size, reduction of N e in regions linked to selection will lower 292 local estimates of ρ even if local c is identical. In order to account for such effects, we 293 
Genes under selection 298
The availability of an annotated P. trichocarpa genome enabled functional analyses 299 of candidate genes within regions that were putatively under selection. In total, 31 300 genes were located in divergent regions with signatures of hard sweeps in both 301 species (Table S5) ; 88 and 48 genes, respectively, were found in divergent regions 302 with signatures of hard sweeps only in P. tremula and P. tremuloides (Table S5) , and 303 310 genes were located in highly differentiated regions with signatures of soft sweeps 304 in either one or both species (Table S5) . Regions containing signatures of long-term 305 balancing selection contained a total of 80 genes (Table S6) . Except for divergent 306 regions linked to soft sweeps where a significantly lower concentration of genes was 307 found (P<0.001, Mann-Whitney U test), all other selected regions showed comparable 308 gene densities compared to the rest of genome ( Figure S8 ). 309
We used the Gene Ontology (GO) assignments of those candidate genes 310 putatively under selection to test whether specific GO terms were significantly over-311 represented. After accounting for multiple comparisons, we did not detect any over-312 representation for divergent regions with signatures of hard sweeps only in one 313 species or with signatures of soft sweeps. However, among genes with signatures of 314 hard sweeps in both species, we found 16 significantly enriched GO terms, mainly 315 including terms associated with transcription initiation and transcription factor 316 activity (Table S7 ). Within regions with signatures of long-term balancing selection, 317 21 significantly overrepresented GO terms were identified among the 80 candidate 318 .
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genes (Table S8) We found that the estimated effective sizes of current populations in both 343 species were larger than that of their ancestral population. The large contemporary N e 344 of both species are in agreement with their wide geographic distributions and high 345 levels of genomic diversity (Wang, et al. unpublished 
data). The coalescent-based, 346
intra-species demographic analyses using MSMC also confirmed this pattern, 347
suggesting that both species have experienced substantial population expansion 348 following long-term population declines after divergence. Population expansion of P. to influence our inferences of the speciation processes (Chikhi, et al. 2010) . Similarly, 360 sampling could likely be more extensive in both species, to capture a greater extent of 361 the species-wide diversity but this is a perennial concern not restricted to our study. 362
Furthermore, inter-specific hybridization in either species is yet another potential bias. 363
However, there are no other species of Populus occurring in the regions from where P. 364 tremula were sampled. For P. tremuloides, naturally occurring hybridization is only 365 known to occur with P. grandidentata in central and eastern North America where the 366 two species co-occur (Pregitzer and Barnes 1980). Therefore any possible 367 . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015; hybridization in our study would be limited to samples from the Wisconsin population 368 of P. tremuloides, but as noted above we did not detect any major differences in 369 patterns of genetic variation between the two subpopulations suggesting little or no 370 effect of hybridization. 371
373
Genome-wide patterns of differentiation between two widespread forest tree 374 species 375
We detected moderate but also considerable heterogeneous genomic differentiation 376 between P. tremula and P. tremuloides (Table 2) . Therefore, our 388 study suggests that neutral processes, e.g. drift and demographic history, were 389 responsible for the majority of genetic differentiation between the two aspen species 390 at a genome-wide scale (Strasburg, et al. 2012) . 391 . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015;
In addition to the overall pattern generated by these neutral processes, we 392 expected to find regions displaying exceptional differentiation ('differentiation 393 islands') that were characterized by multiple independent signatures of positive 394 selection in both species, including excesses of low-frequency alleles, increased high-395 frequency derived alleles, increased LD, lower proportion of shared polymorphism 396 and/or higher proportion of fixed differences between species compared to the 397 genomic background. Rather than being physically clustered into just a few large, 398 discrete genomic 'islands', as expected when species diverge in the presence of gene 399 
accordance with this view, we observed significant negative relationships between 417 population-scaled recombination rates (ρ) and F ST with large distribution ranges and broad ecological niches, adaptation would seem to 433 be more likely to occur via soft sweeps (Barton and Malik 2010). We found that the 434 large majority (73%) of highly differentiated regions due to adaptive divergence 435 between the two species showed signatures of soft sweeps, but notably 27% of highly 436 differentiated regions showed signatures of hard sweeps in either one or in both aspen 437 species. It has been suggested that regions flanking hard sweeps or regions affected 438 by older hard sweeps could be misidentified as soft sweeps because they may produce 439 spurious population genetic signatures resembling soft sweeps (Schrider, et al. 2015) . 440
Rather than occurring in the "shoulders" of completed hard sweeps, we found that 441 local N e by measuring ρ/θπ, we found significantly reduced recombination rates in 464 these regions relative to genome-wide averages, indicating that suppressed 465 . 2008). Future studies of these candidate genes are needed to better assess the adaptive 487 genetic potential of these two widespread forest tree species, and to predict how they 488 might respond to current and future climate. 489
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Conclusion
492
We have provided insights into the recent evolutionary histories and speciation 493 process separating the two closely related forest tree species, P. tremula and P. 494 tremuloides. Consistent with the approximately allopatric mode of speciation, we 495 detected moderate levels of genomic differentiation between the two species, and 496 genomic regions of pronounced differentiation were found distributed throughout the 497 genome at many small, independent locations, rather than being clustered into a few 498 large genomic "islands", as is expected under a model of speciation-with-gene flow. 499
Stochastic genetic drift and historical demographic processes have shaped patterns of 500 polymorphism and differentiation at a genome-wide scale in both species. In addition, 501
we found that species-specific adaptation, mainly involving standing genetic variation 502 via soft selective sweeps, was likely the predominant proximate cause generating the 503 differentiation islands between species, rather than local differences in permeability to 504 gene flow. We must note that this adaptation may largely be unrelated to the 505 speciation process. We also identified multiple signatures of long-term balancing 506 selection in regions of exceptionally low differentiation that appear to have predated 507 speciation. Our study thus highlights that future work should integrate more 508 information on the natural histories of speciation, such as divergence time, 
Population samples, sequencing, quality control and mapping 516
The analysis workflow of this study is shown in Figure S1 . We extracted genomic 517 DNA from leaf samples of 24 genotypes in P. tremula and 22 genotypes in P. 518 tremuloides (Figure 1a and Table S1 ). We then constructed 2×100 bp paired-end 519 sequencing libraries with target insert sizes of 650bp for all genotypes that were 520 Prior to variant and genotype calling, we employed several filtering steps to exclude 541 potential errors caused by paralogous or repetitive DNA sequences. First, after 542 investigating the empirical distribution, we removed sites showing extremely low 543 (<100 reads across all samples per species) or high (>1200 reads across all samples 544 per species) read coverage. Second, as a mapping quality score of zero is assigned for 545 reads that could be equally mapped to multiple genomic locations, we removed sites 546 containing more than 20 such reads among all samples in each species. Third, we 547 removed sites that overlapped with known repeat elements as identified by 548 
that required accurate genotype calls, single nucleotide polymorphisms (SNPs) and 566 genotypes were called with HaplotypeCaller in GATK v3.2.2 ( Figure S1 ). A number 567 of filtering steps were performed to reduce false positives from SNP and genotype 568 calling: (1) Removed SNPs overlapping sites that did not pass all previous filtering 569 criteria; (2) Removed SNPs with more than 2 alleles in both species; (3) Removed 570
SNPs at or within 5bp from any indels; (4) Assigned genotypes as missing if their 571 quality scores (GQ) were lower than 10, and then removed SNPs with more than two 572 missing genotypes in each species. (5) Removed SNPs showing significant deviation 573 from Hardy-Weinberg Equilibrium (P<0.001) in each species. In total, we identified 574 5,894,205 and 6,281,924 SNPs passing these criteria across the 24 P. tremula samples 575 and 22 P. tremuloides samples, respectively. 576 577
Population structure 578
Population genetic structure was inferred using the program NGSadmix (Skotte, et al. 579 2013), which takes the uncertainly of genotype calling into account and works 580 directly with genotype likelihoods. Only sites with lower than 10% missing data were 581 used. We first used the SAMTools model (Li, et al. 2009 ) in ANGSD to estimate 582 genotype likelihoods and then generated a beagle file for the subset of the genome 583 that was determined as being variable using a likelihood ratio test (P-value <10 -6 ) 584 (Kim, et al. 2011). We predefined the number of genetic clusters K from 2-5, and the 585 maximum iteration of the EM algorithm was set to 10,000. 586
As another method to visualize the genetic relationships among individuals, 587
we performed principal component analysis (PCA) using ngsTools, which accounts 588 for sequencing errors and uncertainty in genotype calls (Fumagalli, et al. 2014 ). The 589 expected covariance matrix across pairs of individuals from both species was 590 .
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computed based on the genotype posterior probabilities across all filtered sites. 591
Eigenvectors and eigenvalues from the covariance matrix were generated with the R 592 function eigen, and significance levels were determined using the Tracy-Widom test 593 as implemented in EIGENSOFT version 4.2 (Patterson, et al. 2006) . 594
595
Demographic history 596
To infer demographic history associated with speciation of P. tremula and P. 597 tremuloides, we used a coalescent simulation-based method implemented in 598 fastsimcoal 2.5.1 (Excoffier, et al. 2013 ). We calculated two-dimensional joint site 599 frequency spectrum (2D-SFS) from posterior probabilities of sample allele 600 frequencies by ngsTools (Fumagalli, et al. 2014 ). 100,000 coalescent simulations 601 were used for the estimation of the expected 2D-SFS and log-likelihood for a set of 602 demographic parameters in each model. Global maximum likelihood estimates for 603 each model were obtained from 50 independent runs, with 10-40 conditional 604 maximization algorithm cycles, as implemented in fastsimcoal 2.5.1. Eighteen 605 divergence models were examined ( Figure S2 ). All models began with the split of the 606 ancestral population into two sub-populations and differed in terms of (i) whether 607 post-divergence gene flow was present or not, (ii) levels and patterns of gene flow 608 between the two species, and (iii) how population size changes occurred, either at the 609 time of species divergence or afterwards ( Figure S2 ). Model comparison was based 610 on the maximum value of likelihood over the 50 independent runs using the Akaike 611 information criterion (AIC) and Akaike's weight of evidence (Excoffier, et al. 2013 ). 612
The model with the maximum Akaike's weight value was chosen as the optimal one. 613
We assumed a mutation rate of 2.5×10 -9 per site per year in Populus (Koch, et al. 
Genome-wide patterns of differentiation 633
Because linkage disequilibrium (LD) decays within 10 kilobases (Kbp) in both P. 634 tremula and P. tremuloides (Wang, et al. unpublished data) , we divided the genome 635 into 39,406 non-overlapping windows of 10 Kbp in size to investigate patterns of 636 genomic differentiation between species. For a window to be included in the 637 downstream analyses, we required there to be at least 1 Kbp sites left after all above 638 filtering steps. Levels of genetic differentiation between species at each site were 639 estimated using method-of-moments F ST estimators implemented in ngsFST from the 640 . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015; ngsTools package (Fumagalli, et al. 2014) , which calculates indices of the expected 641 genetic variance between and within species from posterior probabilities of sample 642 allele frequencies, without relying on SNP or genotype calling (Fumagalli, et al. 643 2013). We then averaged F ST values of all sites within each 10 Kbp non-overlapping 644
window. 645
We defined outlier windows of exceptionally high interspecies divergence as 646 windows above the top 2.5% of the F ST empirical distribution. As F ST is a relative 647 measure of differentiation and is sensitive to intra-species genetic variation 648 (Charlesworth 1998; Cruickshank and Hahn 2014), we calculated another measure of 649 differentiation, d xy , which is the pairwise nucleotide divergence between species and 650 that is independent of within-species diversity (Nei 1987). d xy was calculated from 651 sample allele frequency posterior probabilities at each site using ngsStat from 652 ngsTools software package (Fumagalli, et al. 2014) , and was then averaged over non-653 overlapping 10 Kbp windows. Regions with high F ST but low d xy are more likely to be 654 caused by low ancestral polymorphism at times pre-dating speciation (Cruickshank 655 and Hahn 2014), therefore we retained only those outlier windows with d xy values 656 higher than the genome-wide median value. 657
We identified windows below the bottom 2.5% of the F ST empirical 658 distribution as outlier windows of exceptionally low levels of interspecies divergence. 659
Through further screening, we found a skewed pattern of low coverage breadth in 660 lowly differentiated windows compared to the genomic background and the highly 661 diverged windows ( Figure S3 ). There is thus the possibility that regions showing low 662 genetic differentiation may contain some artifacts arising from mis-aligned reads due 663 to repetitive sequences or paralogs, despite the stringent quality filters we have 664 . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/029561 doi: bioRxiv preprint first posted online Oct. 21, 2015; imposed. We thus performed another more stringent filtering on these regions by only 665 retaining windows with at least 3 Kbp sites left from previous quality filtering steps. 666 667 Molecular signature of selection in high-and low-divergence regions 668
To assess directional selection in highly divergent regions, we considered both hard-669 and soft-sweep models. We calculated levels of genetic polymorphism (θπ) using an 670 were discarded as burn-in. Resulting estimates of r 2 and ρ were averaged over each 10 700
Kbp window. In any of the two species, windows were discarded in the estimation of 701 r 2 and ρ if there were less than 3 Kbp and/or 10 SNPs left from previous filtering 702 steps. Finally, we used the program ngsStat (Fumagalli, et al. 2014 ) to calculate 703 another three measures of genetic differentiation in each window: with P. trichocarpa 704 as an outgroup, the proportion of fixed differences that is caused by either fixed 705 derived alleles in P. tremula or P. tremuloides among all segregating sites; the 706 proportion of inter-species shared polymorphisms among all segregating sites; and the 707 relative node depth (RND). RND was calculated by dividing the d xy of the two aspen 708 species by d xy between aspen (represented by 24 samples of P. tremula in this study) 709
and P. trichocarpa (24 samples; see (Wang, et al. unpublished data) . Significance of 710 the differences between regions putatively under selection and the genome-wide 711 averages for all above mentioned population genetic statistics were examined using 712 one-sided Wilcoxon ranked-sum tests. 713
714
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Gene ontology (GO) enrichment 715
To determine whether any functional classes of genes were overrepresented among 716 regions putatively under selection, we performed functional enrichment analysis of 717 gene ontology (GO) using Fisher's exact test by agriGO's Term Enrichment tool 718 (http://bioinfo.cau.edu.cn/agriGO/index.php; (Du, et al. 2010 ). GO groups with fewer 719 than two outlier genes were excluded from this analysis. P-values of Fisher's exact 720 test were further corrected for multiple testing with Benjamini-Hochberg false 721 discovery rate (Benjamini and Hochberg 1995) . GO terms with a corrected P-value 722 <0.05 were considered to be significantly enriched. 
